Two methods of protecting second surface silvered glass mirrors from environmental degradation have been evaluated.
Introduction
The resistance of conventional paint backed silvered glass mirrors to the environmental stresses commonly found in solar applications has come under increasing scrutiny in the last few years.
Degradation of the mirror surface has been found in field deployed mirrors after less than a year. Since mirror lifetimes exceeding twenty years are desired in order to make many solar applications cost competitive, new methods of increasing the life expectancy of these mirrors are being investigated.
The current research on improving the mirrors is actually twofold.
One thrust deals with understanding and modifying the mirror structure to improve its stability and resistance to environmental stresses.
The second is devising accelerated testing procedures that simulate the environmental degradation in time periods much shorter than the one to two years required to see major changes in field exposed samples.
Research over the last few years has identified three symptoms which are common to many of the field degraded silvered mirrors. These symptoms are debonding at the silver /glass interface, halide formation on the metallic layers, and agglomeration of the silver layer.' Since silver exhibits the highest solar weighted reflectivity of the common metals, it is desirable to retain it as the primary reflective material.
Past research results suggest then that a straightforward method of preventing the degradation symptoms from materializing may be to encapsulate the silver layer with a relatively impermeable material.
Although the glass on which the silver is deposited is "dirty" on the microscopic scale (i.e., contains a variety of chemical constituents), for these experiments it is assumed that the primary contamination path is from the rear surface of the mirror.
This path is through a relatively porous paint barrier in a conventional mirror structure.
The motivation then exists to replace the paint with an impermeable metallic barrier that is less susceptible to environmental attack.
Once sample coupons of the experimental mirrors are fabricated, the problem of devising a test procedure to reliably evaluate their performance still remains.
The approach taken here involves a statistically designed matrix of test mirrors and "standard" mirrors subjected to various elevated environmental stresses.2 Actual stresses encountered in nature might include temperature, moisture, ultra violet light, environmental pollutants, mechanical tension or compression forces, etc. Practical considerations limited testing to relatively few parameters.
The major stresses chosen for these experiments are heat and water vapor as a function of time. The evaluations are performed visually and spectrophotometrically. This general approach, although somewhat arbitrary, has shown surprisingly good correlation in ranking the relative life expectancies of numerous generic types of mirror structures.3
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Sample preparation
The results in this paper are for mirrors fabricated in three different ways.
The standard paint backed silver mirror is used as a reference to compare the performance of the ion -plated mirrors and the electroless nickel overcoated mirrors.
The standard mirrors were prepared according to the usual industry practice`' by two different commercial manufacturers. Here silver is deposited to a depth of 70 nm on sodalime silicate glass using a wet chemical process. This step is followed by the chemical deposition of approximately 30 nm of copper.
The final coating is a gray backing paint similar in composition to an automotive primer. cost commercial mirrors for household and decorative uses are processed similarly.
The ion -plated mirrors were prepared by Illinois Tool Works. In this system the ions are evaporated into an Ar defined RF plasma from a filament or boat near ground potential. The target substrate is DC biased at 500 -700 V.
Approximately 100 nm of silver was deposited prior to initiating a codeposition of the covercoating metal for the next 100 nm. The estimated total thickness of the overcoating layers are as follows:
Cr -400 nm, Ni -1000 nm, 304 stainless steel -1000 nm, Al -1500 nm, and A1(.35)/Cu(.65) alloy -1500 nm.
Only one of five companies was successful in attempts to overcoat unpainted wet chemistry silver /copper mirrors with a solution based nickel process.
IacDermid Incorporated used their own 8hemistry to plate a thin nickel coating on several samples. The plating was done at 85 F.
A small dc current was used to initiate the process.
No attempt was made to measure the thickness of the nickel layer.
Testing methodology A minimum of three samples of each type was run for each applied stress.
In all cases the qualitative features of the observed degradation were similar for each stress and time period.
The samples subjected to heat were baked at 80 °C for specified times up to 1,388 hours. The relative humidity in the room ambient was less than 40% during the bake.
The samples exposed to heat and water vapor were placed in the test fixture shown in Figure 1 . The mirror coupons are centered over a neoprene gasket which was fitted to a ceramic container.
The container was partially filled with deionized water. The coating to be tested was then in direct contact with the water vapor while the glass side of the mirror was kept dry all8wing a undegraded view of the interface.
The entire fixture is placed in an oven at 80 C for the predetermined time periods called for in the experiment. The relative humidity in the containers rapidly approaches 100%. Condensation was usually observable on the mirror backs, especially near the neoprene seal. Therefore all data was recorded using the center of the exposed area. Sample preparation
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Testing methodology
A minimum of three samples of each type was run for each applied stress. In all cases the qualitative features of the observed degradation were similar for each stress and time period.
The samples subjected to heat were baked at 80 C for specified times up to 1,388 hours. The relative humidity in the room ambient was less than 40% during the bake.
The samples exposed to heat and water vapor were placed in the test fixture shown in Figure 1 . The mirror coupons are centered over a neoprene gasket which was fitted to a ceramic container. The container was partially filled with deionized water. The coating to be tested was then in direct contact with the water vapor while the glass side of the mirror was kept dry allowing a undegraded view of the interface. The entire fixture is placed in an oven at 80 C for the predetermined time periods called for in the experiment. The relative humidity in the containers rapidly approaches 100%. Condensation was usually observable on the mirror backs, especially near the neoprene seal. Therefore all data was recorded using the center of the exposed area. All the 2 x 2 inch samples were photographed through the glass side at 1X and 100X using standard darkfield techniques. Thus scattering centers on the mirror caused by agglomeration of the silver, debonding of the silver /glass interface, and texturing due to localized surface contamination are clearly visible.
The micrographs of the standard mirrors are shown in Figures 2 and 3 .
Samples from the two different manufacturers are shown for the heat only and heat plus water vapor environments exposed for 336 hours. The degradation is most visible in the 100X micrographs.
The variation between the two sets of mirrors is typical of each manufacturer's samples. The samples from manufacturer C show consistently less degradation than those from B in both stresses.
Micrographs of the ion -plated mirrors exposed for 336 hours under conditions identical to the standard set are shown in Figures 4 to 8 . The mirrors backed with Al, Cr, 304 S.S. and Ni showed less degradation after 336 hours in the heat only environment than the standard mirrors, but all showed severe degradation in the heat and vapor environment.
Apparently the metallic overcoating successfully stabilized the silver film from agglomeration in the dry environment. The severe degradation in the moist environment may be due to the suspected porous nature of the ion -plated metallic overcoat.
The results of similar tests performed on the standard silver /copper mirrors overcoated with a chemically deposited nickel coating are shown in Figures 9 and 10 .
The time has been extended to 1,388 hours.
Note that no visible degradation is evident after 1,388 hours in the heat only environment.
No appreciable degradation is observable in 667 hours of the heat and water vapor environment. These results show dramatic improvement in stability compared to either the standard mirrors or the ion -plated mirrors. 
Results
All the 2x2 inch samples were photographed through the glass side at IX and 10OX using standard darkfield techniques. Thus scattering centers on the mirror caused by agglomeration of the silver, debonding of the silver/glass interface, and texturing due to localized surface contamination are clearly visible.
The micrographs of the standard mirrors are shown in Figures 2 and 3 . Samples from the two different manufacturers are shown for the heat only and heat plus water vapor environments exposed for 336 hours. The degradation is most visible in the lOOX micrographs. The variation between the two sets of mirrors is typical of each manufacturer's samples. The samples from manufacturer C show consistently less degradation than those from B in both stresses.
Micrographs of the ion-plated mirrors exposed for 336 hours under conditions identical to the standard set are shown in Figures 4 to 8 . The mirrors backed with Al, Cr, 304 S.S. and Ni showed less degradation after 336 hours in the heat only environment than the standard mirrors, but all showed severe degradation in the heat and vapor environment. Apparently the metallic overcoating successfully stabilized the silver film from agglomeration in the dry environment. The severe degradation in the moist environment may be due to the suspected porous nature of the ion-plated metallic overcoat.
The results of similar tests performed on the standard silver/copper mirrors overcoated with a chemically deposited nickel coating are shown in Figures 9 and 10 . The time has been extended to 1,388 hours. Note that no visible degradation is evident after 1,388 hours in the heat only environment. No appreciable degradation is observable in 667 hours of the heat and water vapor environment. These results show dramatic improvement in stability compared to either the standard mirrors or the ion-plated mirrors. It is also interesting to compare the solar weighted hemispherical and diffuse reflectivities of these samples shown in Table 1 . The measurement error is estimated to be less than +.002 units.
The large changes in the ITW Ag /A1 and Ag/Al-Cu mirrors are due in part to increased transmission from film flaking. 
Conclusions
Based on these limited tests it appears that the life expectancy of a standard wet process silver /copper mirror might be extended considerably by overcoating with a thin electroless nickel coating. As with any accelerated testing procedures, the results should be viewed with considerable caution until the mechanics of the degradation phenomena are well understood.
It is also interesting to compare the solar weighted hemispherical and diffuse reflectivities of these samples shown in Table 1 . The measurement error is estimated to be less than +.002 units. The large changes in the ITW Ag/Al and Ag/Al-Cu mirrors are due in part to increased transmission from film flaking. 
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